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ABSTRACT
We present Doppler and modulation tomography of the low-mass X-ray binary V691
CrA with data obtained using the 6.5-m Magellan Baade telescope at the Las Cam-
panas Observatory in 2010 and 2011. The disc and hotspot are observed in Hα and
He II (λ4686) in both years. A clear image of the disc is seen in He II (λ5411) using
the 2010 data. We present the first tomography of the absorption line He I (λ5876)
and detect absorption near the L1 point of the donor star. We also present the first
modulation tomography of the emission line Hα and detect emission from the sec-
ondary. The Hα double peaks are imbedded in a deep absorption trough confirming
the presence of Balmer line absorbing material in the system. Our observations of Hα
show absorption in a larger phase range than in Hβ which could be due to heating up
of sprayed matter from the hotspot as it travels downstream. We also suggest possible
occultation of the Hα absorbing spray by the disc bulge at certain phases.
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1 INTRODUCTION
V691 Coronae Australis (V691 CrA; X1822-371) is a low-
mass X-ray binary (LMXB) with an orbital period of 5.57
hr (Hellier & Mason 1989). Although it has a high inclina-
tion (i = 82.5 ◦±1.5 ◦; Heinz & Nowak 2001), it shows only
partial eclipses indicating the presence of an accretion disc
corona (ADC; White & Holt 1982). The detection of 0.59
s pulsations in X-rays allowed for an accurate determina-
tion of the neutron star radial velocity semi-amplitude, K1
= 94.5 km s−1 (Jonker & van der Klis 2001). Estimates of
the masses of the neutron star and the secondary range from
1.14 M⊙ 6 M1 6 2.32 M⊙ and 0.36 M⊙ 6 M2 6 0.56 M⊙
(Casares et al. 2003; Mun˜oz-Darias et al. 2005).
The short orbital period and optical brightness of V691
CrA, although compromised by the eclipses, make it a good
candidate for tomography (Marsh 2005; Marsh & Horne
1988; Steeghs 2003). Casares et al. (2003) produced Doppler
maps in He II (λ4686), O VI (λ3811), He I (λ4471) and the
N III (λ4640) line of the Bowen blend. They found that the
N III emission was associated with the secondary whereas
He II arose from the disc. Somero et al. (2012) using tomo-
grams in He II (λ4686 and λ5411) and the Bowen blend
suggest that the line emission is more likely to come from
above the accretion disc, possibly from a disc wind.
⋆ This paper includes data gathered with the 6.5 m Magellan
Telescopes located at Las Campanas Observatory, Chile.
† E-mail: cperis@cfa.harvard.edu, c.peris@neu.edu
‡ E-mail: svrtilek@cfa.harvard.edu
We observed V691 CrA in 2010 and 2011 8-9 years af-
ter Casares et al. (2003) and 4-5 years after Somero et al.
(2012) and generated tomograms in all of the above men-
tioned lines. Our observations covered a greater wavelength
range (∼ λ4400-λ6650) than previous tomographic studies
allowing us to present the first modulation tomograms of
the emission line Hα and the absorption line He I (λ5876).
In section 2 we describe the optical observations obtained
and used for this study. In section 3 we present our analysis
of the spectral features. In section 4 we present Doppler and
modulation tomography of the lines and discuss the conclu-
sions drawn from the analysis in section 5.
2 OBSERVATIONS
We observed V691 CrA with IMACS on the 6.5 m Magel-
lan Baade telescope at the Las Campanas Observatory. We
used a 600 lines/mm grating which gave a velocity disper-
sion of 37 km s−1. 44 spectra were obtained on 2010 June
7-8 and 24 spectra on 2011 June 28 with total integration
times of 4.6167 hr and 4 hr respectively and exposure times
as given in Table 1. Atmospheric conditions required slits
of 0.75” and 1” for observations made in 2010 while all ob-
servations made in 2011 were done with a slit width of 0.9”
with corresponding spectral resolutions of 2.55, 3.4 and 3.06
A˚.
The spectra were reduced using standard image reduc-
tion routines in IRAF version 2.10 (zero correction, flat field-
ing and spectral extraction). The onedspec format was used
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Table 1. Observation log
Date # of spectra Exposure(s)
2010 June 7-8 44 360/420
2011 June 28 24 600
to extract the spectra. After cleaning and wavelength cal-
ibration, the spectra were converted into ASCII format to
be read into the software package MOLLY, a 1D spectrum
analysis program developed by Tom Marsh.
3 ANALYSIS
Using MOLLY the spectra were corrected for the heliocen-
tric effects, and normalized by fitting polynomials of the
order 10 to the continuum and subtracting these polynomi-
als from the corresponding spectra. We used the quadratic
ephemeris given by Parmar et al. (2000) to calculate the
phase of each spectrum. We used the most recent ephemeris
for the eclipse given by Burderi et al. (2010) using Chandra
data taken in 2008 as our value for T0. The gap between
the observation date and this ephemeris consisted of 3223
cycles for the 2010 data and 4881 cycles for the 2011 data
and gave us phase errors of 0.0032 cycles and 0.0037 cycles
respectively.
The ephemeris was defined using:
T = 2452607.70052(56) + 0.232108785(50)E
+2.06(23) × 10−11E2
3.1 Spectral features and profiles
The average spectra (Fig. 1) show strong emission in Hα
and He II (λ4686) with double peak profiles typically seen
in lines originating from the disc. They also display the ab-
sorption line He I (λ5876) which trailed data showed as hav-
ing a sinusoidal variation. The 2010 data displays a double
peak profile in He II (λ5411), a prominent Bowen blend and
an emission feature at λ5290 which was suggested to be O
VI by Cowley et al. (1982) and Somero et al. (2012). Also
prominent in the 2010 average spectrum are deep absorption
troughs around Hα and Hβ. These absorption troughs are
observed to decrease in depth from 2010 to 2011.
Fig. 2 shows the evolution of the main spectral features
over the orbital period. He II (λ4686) displays the classic
double peak variation as would be expected from emission
from an accretion disc while the Bowen blend exhibits some
binary motion as well. The He I (λ5876) peak profile is ob-
served to be relatively dim at phases 0.8-0.9 and 0.9-1.0 and
somewhat complex at phase 0.0-0.1.
3.2 Complex profile in Balmer lines
Hα is the strongest feature in our spectra but it has a
complex profile with the emission imbedded in an absorp-
tion trough. The absorption can be observed in all phases
while peak absorption occurs at phases 0.2 - 0.6 (Fig. 3).
This is consistent with the behavior of Hα observed by
Harlaftis et al. (1997). We also observe a complex profile in
Hβ which has been previously noted by Somero et al. (2012)
and Casares et al. (2003). The evolution of Hβ over the or-
bital period is similar to that observed by Somero et al.
(2012) except for a blueshifted absorption feature at phases
0.2 - 0.6.
4 TOMOGRAPHY
4.1 Doppler Tomography
Doppler tomography uses the information encoded in the
line profiles as a function of the orbital phase to calculate the
strength of emission as a function of velocity. The Doppler
tomograms we present were created using the maximum en-
tropy (MEM) method. A grid of pixels spanning velocity
space is adjusted to achieve a target goodness-of-fit mea-
sured by χ2, while simultaneously maximizing the entropy
of the image. A refined form of entropy which measures de-
partures from a ’default’ image is used. For an excellent
summary of the method, see Marsh (2001).
For the Doppler tomography of V691 CrA we used
the systemic velocity of γ = -43 km s−1 computed by
Casares et al. (2003) which was verified using the optgam
feature in the Doppler software. Doppler tomograms of Hα
(λ6562.76), He II (λ4686), He I (λ5876) are shown in Figs
4-9.
The Doppler tomogram in Hα produced using the 2010
data (Fig. 3) shows a somewhat elongated disc with the
emission concentrated in the positive Vy region. Two bright
spots are observed: one on the positive Vy axis, the other
on the positive Vy and negative Vx quadrant. The position-
ing of the latter suggests that it originates from the hotspot
formed due to the large amount of radiation emitted at the
impact site of the accretion stream on the disc (Steeghs
2004).
Fig. 4 which shows the Doppler tomogram in Hα pro-
duced using the 2011 data, displays two bright regions: one
on the positive Vy axis, the other on the negative Vy and
negative Vx quadrant. The bright spots on the positive Vy
axis in both Fig. 3 and Fig. 4 lie on the disc but also coincide
with the usually accepted position of the secondary.
The Doppler tomogram in He II (λ4686) created using
the 2010 data (Fig. 5) displays a ring structure which ap-
pears to be circular with a crescent shaped bright spot that
runs along the negative Vx side of the disc. The hotspot
can be observed at the upper end of the crescent shaped
bright spot. It was observed to lie in a similar region in ve-
locity space to the observed hotspot in the Hα Doppler map
created using the 2010 data.
The tomogram in He II (λ4686) created using the 2011
data also displays a ring structure with a crescent shaped
bright spot but the spot was positioned in the negative Vx
and negative Vy quadrant (Fig. 6). The crescent shaped
spots observed in He II (λ4686) in the 2010 data and the
2011 data seem to be in the same region in velocity space
as the bright spots observed in Hα in the same respective
years suggesting that He II and Hα emission originates from
the same processes.
The He I absorption feature detected by Harlaftis et al.
(1997) was observed in our spectra and we used this feature
to produce Doppler tomograms, removing the Na I inter-
stellar lines and using the cleaned spectra for tomography.
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Figure 1. The normalized average spectra of the system using 2010 and 2011 data. Main spectral features are indicated. The feature at
λ6278 is contaminated by telluric O2 lines.
In the 2010 data we observe a bright spot with its maxi-
mum intensity at approximately Vy = 189 km s
−1 (Fig. 7).
Casares et al. (2003) identified a similar spot in He I (λ4471)
as originating from the accretion stream as it was shifted by
a phase of -0.05 from the bright spot produced by the N
III line in the Bowen Blend which they interpreted as the
irradiated face of the secondary. The bright spot we observe
using He I (λ5876) has a larger spread in velocity with re-
spect to the previous observation and seems to overlap with
the predicted position of the L1 point of the secondary.
The He I (λ5876) Doppler tomogram produced using
the 2011 data (Fig. 8) shows a significant shift in the He
I absorption feature toward higher Vy velocities, displaying
a bright spot with its maximum intensity at approximately
Vy = 279 km s
−1 and Vx = -117 km s
−1.
4.2 Modulation Tomography
Modulation tomography (Steeghs 2003) relaxes the assump-
tion used in Doppler tomography which is that the line flux
remains constant and enables the mapping of the line flux
variations as a function of orbital period. We used modu-
lation tomography to study V691 CrA using the same sys-
temic velocity of -43 km s−1 which was used for Doppler to-
mography. In over plotting the Roche lobe of the secondary
and the position of the primary we used K1 = 94.5 km s
−1
(Jonker et al. 2003) and K2 = 324 km s
−1 (Casares et al.
2003) which gave us a mass ratio of q = 0.29. We also plot-
ted the gas stream trajectory and the Keplerian velocity of
the disc along the gas stream path.
Upon close examination, the trailed spectra in Hα in
2010 (Fig. 9) were found to consist of two superimposed
S-curves which seem to be opposite in phase. The first com-
ponent is similar to a curve expected from the disc. The
second out-of-phase component is much thinner. This out-
of-phase S-curve component together with the bright spots
c© 2012 RAS, MNRAS 000, 1–10
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Figure 2. Hα, He II (4686), He I (5876) and Hβ spectra in 10 phase bins showing the evolution of the lines over the orbital period.
observed on the Vy axis suggest Hα emission from the sec-
ondary. The trailed spectra in Hα in 2011 (Fig. 10) display
similar superimposed S-curves which are dimmer due to the
lower number of spectra obtained in 2011. The amplitude
variation map in 2010 shows modulation arising from this
spot which can be attributed to the sinusoidal variation of
the line flux originating from the secondary.
The He II lines were used successfully to produce mod-
ulation tomograms (Fig. 11 and Fig. 12) which show the
ring structure obtained using Doppler tomography. The to-
mogram in He II (λ4686) created using the 2010 data shows
modulation at the hotspot. The trailed spectra in both to-
mograms show distinct broad S-curves typical of lines orig-
inating from the entire disc. The S-curve in the 2011 data
was observed to have the same phasing as in the 2010 data
as expected, but was dimmer due to the lower number of
spectra.
The ring structure in He II (λ5411) (Fig. 13) comprises
of two crescent shaped slices of emission, one of which cor-
responds to the position of the crescent shaped bright spot
in λ4686. The amplitude variation map of λ5411 shows a
bright spot which lies on the gas stream trajectory which is
modulation originating from the accretion stream/disc in-
teraction point.
The modulation tomogram created using the absorption
line He I (λ5876) in the 2010 data (Fig. 14) shows the bright
spot observed using Doppler tomography on the lower side
of the predicted position of the secondary. The S-curve of He
c© 2012 RAS, MNRAS 000, 1–10
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Figure 3. Doppler map of Hα created using 2010 data
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Figure 4. Doppler map of Hα created using 2011 data
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Figure 5. Doppler map of He II (λ4686) created using 2010 data
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Figure 6. Doppler map of He II (λ4686) created using 2011 data
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Figure 7. Doppler map of He I (λ5876) created using 2010 data.
Since He I (λ5876) is an absorption line the tomogram was created
using inverted spectra.
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Figure 8. Doppler map of He I (λ5876) created using 2011 data.
As before, the tomogram was created using inverted spectra.
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Figure 9. Modulation tomogram of Hα using 2010 data. The
image shows the trailed spectra on the top-left, the simulated trail
on the top-right, the system in velocity space on the bottom-left
and the amplitude variations on the bottom-right.
I is observed to be in opposite phase to that of He II. This
is consistent with the assumption that the He I originates
close to the inner face of the secondary while the He II lines
originate from the accretion disc around the primary. The
tomogram in He I (λ5876) created using the 2011 data (Fig.
15) displays the He I feature at a higher Vy velocity on the
edge of the predicted position of the secondary in the mid-
dle of the plotted gas stream trajectory and the Keplerian
velocity of the disc along the gas stream path. The S-curve
is observed to be similar to that observed in the 2010 data
but the absorption is predominantly at phase 0.65. Strong
bright spots are seen in the amplitude variation maps of Fig.
14 and Fig. 15. These bright spots indicate sinusoidal vari-
ation of the line flux originating from the absorber, usually
a feature associated with the donor star.
A feature detected at λ5290 in the 2010 spectrum
was suggested to be O VI by Cowley et al. (1982) and
Somero et al. (2012). Tomography on this feature revealed
two bright spots, one of which was close to the position of
the hotspot (Fig. 16). The hotspot was previously observed
by Casares et al. (2003) in O VI (λ3811). O VI also shows
faint traces of the disc emission which can be seen in the
trailed spectra.
We generated the modulation tomogram of the Bowen
blend (Fig. 17) by centring on the strongest line in N III
(λ4640) and using the entire blend region. The tomogram
displays a bright spot in the predicted position of the sec-
ondary and is consistent with the results of Casares et al.
(2003) and Somero et al. (2012). The bright spot seems to
be positioned toward the centre of the star rather than the
L1 point as suggested by Casares et al. (2003). The ring
shaped structure seen by Somero et al. (2012) is observed
in our tomogram but the diffuse emission is not.
Figure 10. Modulation tomogram of Hα using 2011 data. Panels
are as described in Fig. 9.
Figure 11. Modulation tomogram of He II (λ4686) in emission
using 2010 data. Panels are as described in Fig. 9.
5 DISCUSSION
He II (λ5411) displays the highest inner disc velocities while
Hα displays the lowest inner disc velocities. The disc in He II
(λ5411) seems to be centred on the predicted position of the
neutron star while the discs in He II (λ4686) and Hα are
offset towards the centre of mass of the system indicating
possible eccentricities. The observations imply that He II
(λ5411) emission originates from material closer to the inner
c© 2012 RAS, MNRAS 000, 1–10
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Figure 12. Modulation tomogram of He II (λ4686) in emission
using 2011 data. Panels are as described in Fig. 9.
Figure 13. Modulation tomogram of He II (λ5411) in emission
using 2010 data. Panels are as described in Fig. 9.
disc while Hα and He II (λ4686) emission originate from the
material further away from the centre of the disc.
Our observations of He II (λ4686 and λ5411) are con-
sistent with those made by Somero et al. (2012) who ob-
served no eclipsing of the He II flux. They suggest a disc-
wind model in which the emission in He II might originate
from matter above the accretion disc that still retains some
of the velocity field of the disc.
Figure 14. Modulation tomogram of the absorption line He
I(λ5876) using 2010 data. Panels are as described in Fig. 9. Since
He I (λ5876) is an absorption line the tomogram was created
using inverted spectra.
Together with those produced by Casares et al. (2003)
and Somero et al. (2012) our tomograms cover the He II
(λ4686) line at four different times as shown in Fig. 18.
We use this chronological data to show that the tomograms
exhibit consistent disc wind velocities which span approxi-
mately ±500 km s−1. Our values of K1 (94.5 km s
−1) and
K2 (324 km s
−1; value obtained by Casares et al. (2003) for
a neutron star mass of 1.4 M⊙) give a mass ratio of 0.29.
From Marsh (1998) (figure 3) we find that for a mass ratio
of 0.29, the minimum allowed velocity for a Keplerian disc
is approximately 1.8 × 324 km s−1 or 583 km s−1. This im-
plies that the disc velocities we observe are sub-Keplerian
as suggested by Somero et al. (2012).
We also find that the structure in the emission ring
seen by Somero et al. (2012) matches the structure we de-
tect in our 2010 observations, and that the emission ring
structure seen by Casares et al. (2003) matches the struc-
ture we observe in 2011 suggesting periodicity in the sys-
tem. SPH simulations by Foulkes et al. (2004) show that the
manifestations of eccentric discs are bright emission between
the gas stream trajectory and the Keplerian velocity of the
disc along the gas stream, non-sinusoidal S-waves, crescent-
shaped features in Doppler maps, and the shifting of the map
centre of symmetry away from (0,-K1). We observe crescent
shaped bright regions in our He II tomograms. The ring
structure seen in Hα and He II (λ4686) is off-centred from
the predicted position of the neutron star. We also note that
Hα which originates from material close to the disc edge
displays an asymmetric structure. These observations may
suggest disc precession in the system which according to
Barnard et al. (2006), is to be expected in LMXBs with a
mass ratio 6 0.3 as the disc reaches the 3:1 resonance with
the binary companion. However, Smale & Lochner (1992)
c© 2012 RAS, MNRAS 000, 1–10
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Figure 15. Modulation tomogram of the absorption line He I
(λ5876) using 2011 data. Panels are as described in Fig. 9. As
in the above case, the tomogram was created using the inverted
spectra.
Figure 16. Modulation tomogram of the emission line O VI
(λ5290) using 2010 data. Panels are as described in Fig. 9.
did not find any periodicity in this object between 1-100
days. More observations covering regular yet well-spaced
time intervals are required in order to resolve this issue.
Figure 17.Modulation tomogram of the Bowen Blend using 2010
data. Panels are as described in Fig. 9.
Figure 18. The RXTE ASM light curve data for V691 CrA. The
blue arrow indicates the time of optical observations taken by
Jonker et al. (2003), black indicates the time of optical observa-
tions taken by Casares et al. (2003), magenta indicates the time of
optical observations taken by Somero et al. (2012) and the red ar-
rows indicate the times of optical observations used in this paper.
This data was retrieved using the ASM data website (courtesy of
the MIT ASM team) at http : //xte.mit.edu/ASM lc.html.
c© 2012 RAS, MNRAS 000, 1–10
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5.1 Balmer line absorption and emission
The deep troughs on either side of Hα and Hβ (as seen
in Fig. 1) confirm the presence of Balmer line absorbing
material in the system.
Our observations of Hβ are consistent with those made
by Somero et al. (2012) and are in agreement with their
spray model: the narrow blueshifted Hβ absorption feature
at phases 0.6-0.7 is interpreted as spraying matter from the
hotspot in the direction of the observer, and the smaller
redshifted absorption feature after orbital phase 0.1 is in-
terpreted as a spray over the disc. In Hα we observe strong
absorption over a much larger phase range than in Hβ. We
also observe that the weakest absorption in Hα is seen at
phases 0.7-0.8 where a strong absorption dip is present in
Hβ (Fig. 2).
Formation of the spray close to the hot spot means
the spray is partially shielded from view by the disc bulge
(Mason & Cordova 1982) causing only the cooler spray
above the bulge to be visible which leads to a sharp dip
in Hβ while no dip is present in Hα. The reason for absorp-
tion in a larger phase range in Hα than in Hβ could be that
the spray traveling downstream will heat up gradually, en-
abling Hα absorption to still occur when Hβ absorption is
no longer possible.
The bright spots on the positive Vy axis seen in the
Doppler tomograms (Fig. 3 and Fig. 4) and the super-
imposed S-curves seen in the modulation tomograms (Fig.
9 and Fig. 10) suggest Hα emission from the secondary
in addition to the emission from the disc. The amplitude
variation map in 2010 shows modulation arising from the
bright spot, usually a feature expected from the secondary.
The reason for the emission is uncertain. These obser-
vations are in agreement with the narrow Hα peaks ob-
served by Cowley et al. (2003) which they suggested orig-
inate from the donor star. Hα emission from the com-
panion star has been observed in other systems as well.
D’Avanzo et al. (2005) observed Hα emission from the lead-
ing side of the inner face of the companion star in Cen X-4
and attributed it to irradiation from the hotspot and shield-
ing from the gas stream. Southworth et al. (2009) observed
Hα emission from the secondary of J100658.40+233724.4.
Gonza´lez Herna´ndez & Casares (2010) detected Hα emis-
sion from the secondary of the black hole system A0620-00
which they attributed to chromospheric activity induced by
rapid rotation.
5.2 Absorption in He I (λ5876)
We detect a bright spot in He I (λ5876) in absorption which
seems to coincide with the L1 point in 2010 while shifting to
the leading face of the secondary in 2011. We detect strong
bright spots in the same region of the amplitude variation
maps indicating sinusoidal variation of the line flux. We also
observe that the S-curves in the He I modulation tomograms
are opposite in phase to those in the He II tomograms. These
observations suggest the point of origin of the He I absorp-
tion line to be close to the leading side of the inner face of
the secondary. The reason for the shift in the position of the
feature in velocity space is uncertain.
Our tomograms show the absorption feature in He I at
∼ 189 km s−1 on the Vy axis in 2010 and at ∼ 279 km s
−1
in 2011. Since these values obtained using He I are lower
than the K2 value obtained by Casares et al. (2003) using
the N III line of the Bowen blend, we interpret the bright
spots as He I absorption originating near the L1 point from
gas leaving the surface of the donor.
6 CONCLUSIONS
In this paper we present Doppler and modulation tomogra-
phy of V691 CrA using data taken in 2010 and 2011.
Our observations cover a greater range of wavelength
(λ4400 - λ6650) than any observations previously used for
tomography. This extended range enabled us to produce
the first modulation tomograms of He I (λ5876) and Hα
(λ6562.76). We detect the secondary in emission with Hα.
We also detect absorption in He I (λ5876) close to the L1
point of the secondary.
Our observations in He I are consistent with the obser-
vations made by Harlaftis et al. (1997), Jonker et al. (2003),
Cowley et al. (2003) and with the interpretation of He I
given by Casares et al. (2003). Davey & Smith (1992) ob-
served that, for several dwarf novae with significant eccen-
tricities, the irradiated side of the secondary does not seem
to be centred towards the primary but instead towards the
leading side of the star. This was especially true for the
dwarf novae U Gem and IP Peg. The same form of lead-
ing face heating was observed in the AM Her system V824
Cen by Potter et al. (2004). This phenomena seems to be
the case for V691 CrA in 2011.
Our observations of Hα and He I (λ5876) suggest that
these lines originate from different regions of the companion
star. He I originates near the L1 point from gas leaving the
surface of the donor star, N III originates in the lower lati-
tude most directly illuminated regions of the donor star and
Hα originates at higher latitudes where the donor is illumi-
nated at a steeper angle of incidence (close to the poles).
The deep troughs on either side of Hα and Hβ confirm
the presence of absorbing material in the system. Our ob-
servations of Hα show absorption in a larger phase range
than in Hβ. This could be due to heating up of the spray
(Somero et al. 2012) as it travels downstream enabling Hα
absorption to still occur when Hβ absorption is no longer
possible. We also suggest possible occultation of the Hα ab-
sorbing spray by the disc bulge at certain phases.
Where tomograms exist for a given line our 2010 ob-
servations are consistent with Somero et al. (2012) and our
2011 observations with Casares et al. (2003). This suggests
repeating variability in the system and shows the need for
further observations to see if the variability is periodic.
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